Orbital Properties of Sr3Ru207 and Related Ruthenates Probed by ^'^O-NMR 
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We report a site-separated ^^O-NMR study of the layered perovskite ruthenate Sr3Ru207, which 
exhibits nearly two-dimensional transport properties and itinerant metamagnetism at low temper- 
atures. The local hole occupancies and the spin densities in the oxygen 2p orbitals are obtained by 
means of tight-binding analyses of electric field gradients and anisotropic Knight shifts. These quan- 
tities are compared with two other layered perovskite ruthenates: the two-dimensional paramagnet 
Sr2Ru04 and the three-dimensional ferromagnet SrRuOs. The hole occupancies at the oxygen sites 
are very large, about one hole per ruthenium atom. This is due to the strong covalent character of 
the Ru-0 bonding in this compound. The magnitude of the hole occupancy might be related to the 
rotation or tilt of the RuOg octahedra. The spin densities at the oxygen sites are also large, 20-40% 
of the bulk susceptibilities, but in contrast to the hole occupancies, the spin densities strongly de- 
pend on the dimensionality. This result suggests that the density-of-states at the oxygen sites plays 
an essential role for the understanding of the complex magnetism found in the layered perovskite 
ruthenates. 

PACS numbers: 76.60.-k,74.70.Pq,73.43.Nq 



I. INTRODUCTION 

The Ruddlesden-Popper (R-P) series of layered per- 
ovskite ruthenates has attracted great interest because of 
their wide variety of phenomena. The strontium ruthen- 
ates Sr„+iRu„03„+i are metallic members of the R-P 
perovskite ruthenates featuring various kinds of itiner- 
ant magnetism and magnetic fluctuations. The two- 
dimensional member in = 1) Sr2Ru04 is paramag- 
netic and exhibits unconventional superconductivity at- 
tributable to p-wave pairingfii^i^ originating from elec- 
tron correlations in the Ru ^dxy band. At the same 
time, it possesses strong incommensurate antiferromag- 
netic fluctuations^ due to nesting of the Adyz^zx bands. 
The three-dimensional end member {n — oo) SrRuOa 
is an itinerant ferromagnet with a Curie temperature of 
160 K.5 

The intermediate dimensional, bilayer member (n = 2) 
Sr3Ru207 does not exhibit magnetic order at zero mag- 
netic field and ambient pressure. Nevertheless, Sr3Ru2 07 
is considered to be very close to a ferromagnetic insta- 
bility: (a) the uniform susceptibility has a peak around 
16 K, (b) the Wilson ratio is quite large ~ 10, and (c) 
along c-axis applying small uniaxial pressure of about 
0.1 GPa pushes Sr3Ru2 07 into a ferromagnetic phase 
below 80 At ambient pressure, field-induced meta- 
magnetic transitions are observedi^i^ The investigation of 
those metamagnetic transitions leads to a phase diagram 
with a line of first-order phase transitions terminating at 
a critical end point. Furthermore, the critical end tem- 
perature T* is extremely low: T* = 1.2 K for if ± c 
and T* vanishes ioi H \\ c— In the latter case {H \\ 
c), the existence of a metamagnetic quantum critical 
point (MMQCP) was proposediiiii^ In our previous O- 



NMR study with || c, we reported the measurement 
of the nuclear spin-lattice relaxation rate 1/Ti, which 
probes the spin fluctuations, and concluded that two- 
dimensional ferromagnetic character is dominant at high 
temperatures. In contrast, non-ferromagnetic (mostly 
incommensurate antiferromagnctic) fluctuations diverge 
for T ^ K near the MMQCP. 

Such competitions between itinerant ferromag- 
netism and incommensurate antiferromagnetism in 
Sr„+iRu„03„-|-i are a result of the existence of narrow 
bands and a high density-of-states (DOS) at the Fermi 
level Ep created by ruthenium Ad and oxygen 2p 
orbitals. According to a band-structure calculation for 
Sr2Ru04r^ Ad-2p antibonding bands at the Fermi level 
create 18% of the DOS in the oxygen 2p orbitals and 
possibly play a crucial role for the electronic and/or 
structural instabilities. The large DOS at the oxygen 
sites is unlikely for Zd transition-metal oxides because 
the covalency between the d and 2p orbitals is usually 
rather weak. Our concerns are: (i) How does the hole 
occupancy or DOS in the oxygen 2p orbitals affect the 
occurrence of itinerant ferromagnetism or antiferro- 
magnetism and (ii) what is the relationship between 
dimensionality and magnetism. 

In this article, we report a detailed site-separated ^^O- 
NMR study of Sr3Ru2 07. In Sec. HIlBl we estimate 
the hole occupancies in the 2p orbitals from the NMR 
quadrupole splittings at the oxygen sites. Since the oxy- 
gen 2p orbitals feature a magnetic-dipole type of hy- 
perfine interaction, the anisotropy of the Knight shifts 
needs to be considered. In Sec. IIII CI we obtain the 
spin susceptibility of each orbital at all oxygen sites from 
the Knight shifts. For comparison, we also analyze the 
related ruthenates Sr2Ru04 and SrRuOs applying the 
same method. 
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II. EXPERIMENT 



Sr3Ru207 (f!=2) 



In our NMR experiment we used singe crystals of 
Sr3Ru207 which were grown in a floating-zone image 
furnaceJ^ We exchanged natural oxygen '^^O (/ = 0) 
for I'^O (/ = 5/2). The substitution was performed in a 
silica-glass-tube furnace, where the samples were kept for 
one week at 1050°C in a 70% concentrated ^^©2 atmo- 
sphere. Although the gain of mass, estimated to be 0.9%, 
could not be observed, the measured signals 
assure that the isotope substitution process was success- 
ful at least over the penetration depth accessible in our 
experiment, i. e. several micro meters. This is sufficient 
to ignore surface related effects. After the annealing pro- 
cess, we confirmed the residual in-plane resistivity, to be 
0.8 ^ri-cm. This is enough clean to observe the intrinsic 
behavior of this systemi^^ 

Great care was taken to keep the orientation of the 
sample throughout the field-dependent measurements. 
For this purpose, complex rf components were introduced 
outside the cryostat. This ensured that the measure- 
ments for all desired field strengths, corresponding to fre- 
quencies of 10-80 MHz, could be carried out using only 
one probing coil. A homemade wide-band pre-amplifier 
designed with high-electron-mobility transistors was im- 
mersed in liquid nitrogen to obtain an excellent noise 
figure of 0.5 dB. Furthermore it had a short dead-time 
of less than 3 /is after saturation. With this setup it was 
possible to overcome the issues of the weak intensities of 
signals and shortness of NMR decoherence times. 



III. RESULTS AND DISCUSSIONS 

A. NMR spectra and site-assignment 

^^0-NMR lines can be described using anisotropic 
Knight shifts and the quadrupole interaction perturba- 
tion of the electric field gradients (EFG). For each site, 
the resonance field i?ios corresponding to the m m — 1 
resonance can be approximately written a o^^'^^ 



i 0(2) 



Ho — 
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rj > sin 9 cos 2(/), 
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where [9, 0) are Euler's coordinates with respect to the 
largest principal axis of the diagonalized EFG, and ^^7 
(= 5.7719 MHz/T) is the gyromagnetic ratio of an ^^O 
nucleus. Hq is the resonance field of a free ^'^O atom at 
the resonance frequency ^'^jHo- i'^Ar'^° is the isotropic 
Knight shift, ^"^K^^ is the axial anisotropic shift, and 
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FIG. 1: (color online). Crystal structure of the Ruddlesden- 
Popper series Sr„+iRu„03„+i for Sr2Ru04 (n = 1, left), 
Sr3Ru207 [n — 2, middle), and SrRuOs (n = 00, right). 
The axes a and b are taken along a Ru-O-Ru bonding. For 
Sr3Ru207 and SrRuOs, symmetries are reduced because of a 
rotation and a tilt of the RuOe octahedra, respectively.— 
For simplicity, these effects are not shown. There are api- 
cal 0(2) and in-plane 0(1) sites in Sr2Ru04. Sr3Ru207 has 
two kinds of apical sites. For Sr3Ru207, we label the inner- 
apical, outer-apical, and in-plane sites 0(1), 0(2), and 0(3) 
sites, respectively. 



i7^aniso,_L in-planc anisotropic shift perpendicu- 

lar to the principal axis for lower symmetric sites, ^'^vq 
is the pure quadrupole frequency and 77 (0 < 77 < 1) is 
the asymmetric parameter of the EFG. 

Grystallographically, three inequivalent oxygen sites 
exist in the bilayered perovskite structure (Fig.[T]). More- 
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FIG. 2: (color online), (a) ^^O-NMR spectral site notations 
for Sr3Ru207. Arrows denote the corresponding field direc- 
tions, H \\ c and H \\ [100]. (b) Relevant atomic orbitals 
at the Fermi surfaces for Sr3Ru207. We treat interactions 
of electrons with nuclei by a method of linear combination 
of atomic orbitals, namely the tight-binding method. Ru*^ 
ions realize a low-spin configuration and the resulting t2g 
(= 4:dxy,4:dyz,4:dzx) orbitals hybridize with the oxygen 2p^ 
(= 2px,2py, 2pz) orbitals. 
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FIG. 3: (color online). Field-swept ^'^O-NMR spectra for 
Sr3Ru207 with a frequency of 72.5 MHz at 1.7 K. The cor- 
responding field for a free atom, (ioHq, is 12.56 T. 
-ffoxt is the external applied field. Lines from each site must 
consist of five resonances due to the perturbations from the 
electric quadrupole interaction. The unassigned sites, which 
exhibit a smaller sample-dependent intensity, are attributed 
to an impurity phase of Sr2Ru04. 



FIG. 4: (color online). NMR spectral positions as a func- 
tion of H~l for Sr3Ru207 with H \\ [100]. AU data points 
are taken from the field-swept spectra at 1.7 K. The arrow 
denotes the metamagnetic field. At and slightly below the 
metamagnetic field high transverse relaxation rates l/r2 pre- 
vent observations of signals from the 0(1) and 0(3)^ sites. 
The plotted lines are based on eq. ([l]). The values of EFGs 
are listed in Sec. IIII Bl The Knight shifts are evaluated in 
Sec lmCl 



over, when a field is applied perpendicular to the c 
axis, the in-plane site 0(3) splits into two configurations, 
0(3)11 and 0(3)-'-, as shown in Fig. [2la). Figure [3] shows 
a typical ^'^O-NMR spectra for Sr3Ru207. 

For the apical sites (0(1) and 0(2) in Sr3Ru207) one 
can rewrite the parameters as follows: 



IT^iso 
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Here, ^'^Kly^^ is the observed Knight shift for direction i. 

For in-plane sites (0(3) for Sr3Ru2 07) the parameters 
are: 
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From eq. ([T]), we expect a linear relationship between 
{Ho — Hres)/Hres and {Hres)~^ as long as the magne- 
tization M is linear with H. Figure [4] displays such a 
behavior for H \\ [100] (see Ref. M for H \\ c). The 
linear relationships are realized much below and above 
the metamagnetic field Hm- The plot is helpful to group 
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FIG. 5: (color online) . Field-swept NMR spectra with various 
field orientations for Sr3Ru207 at 1.7 K with a frequency of 
21.3 MHz, i.e. fioHo ~ 3.7 T. The orientation is varied from 
[100] (0 deg. in the plot) to the c axis (±90 deg.) by the 
use of a backlash-free rotator in an 8 T split-coil magnet. All 
curves are drawn in the same scheme as in Fig.|4] The 0(3)"'- 
lines are not observable in this configuration due to a high 
transverse relaxation rate I/T2. The narrow dotted curves, 
which are not attributable to Sr3Ru2 07, originate from the 
Sr2Ru04-0(l) site in the impurity phase. 



spectral lines split up by EFG into identical sites. Apply- 
ing diff'erent field orientations causes different responses 
of the apical and in-plane sites (Fig. [5]). In this way 
one can distinguish between them. The difference be- 
tween the inner-apical 0(1) and the outer- apical 0(2) 
sites appears in the spectral intensities as the correspond- 
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ing composition ratio 1 : 2, as long as the spectrum is 
taken under the condition that the relaxation effects are 
small. Thus, the three sites in Sr3Ru207 can be resolved 
from the complicated spectra shown in Fig. [31 

As displayed in Figs. [3] and [5l the impurity eutectic 
phase of Sr2Ru04 sometimes appears in NMR spectra, 
although the fraction of Sr2Ru04 in the powder X-ray 
diffraction spectra of our samples does not exceed a few 
percent. This is possible if during the annealing pro- 
cess the substitution of the oxygen atoms in the minor 
Sr2Ru04 part for ^^O is easier than the substitution in 
the Sr3Ru2 07 part of the sample. The spectra positions 
and longitudinal relaxation rates 1/Ti of Sr2Ru04 are 
known^i, and hence, line crossing between Sr3Ru2 07 and 
Sr2Ru04 can be avoided when measuring Knight shifts 
or l/Ti of Sr3Ru2 07. 



B. Quadrupole splitting 

The EFG at the oxygen site is the sum of the fields 
created by external ions and by on-site unclosed 2p 
shells. The former is largely enhanced over the value ob- 
tained by point-charge calculations due to polarization 
of the on-site closed shells. We employ the Sternheimer 



equatio] 



.22.23 



to describe the EFG frequencies 



17, ,i. 



17, i 



17, ,i 
hole 



where ^^fi^t is obtained from the EFG frequency of the 
point-charge calculation, and ^"^vl^oic that of the holes 
in the 2p orbitals. The two Sternheimer parameters 700 
and R are the antishielding and the shielding factors, 
respectively. R is approximately 0.1 for oxygen 2p,— 
and we adopt this value. It is difficult to estimate the 
value of 7oo for O^^. ^^0-NMR experiments in cuprates 
yielded 700 of -8 (Ref. [li) or -9 (Ref. [11). However, 
theoretical calculations suggested a wide variety of values 
between —9 and —33,^^ indicating that the value is highly 
dependent on the ionic radius or covalencyj^ 

Table U shows the measured EFG frequencies ^"^v^ de- 
termined from the quadrupole splitting of the satellite 
lines and ^Vf^^^ from calculations based on the point- 
charge model without considering holes at the oxygen 
sites. In the calculation, ions within at least three lat- 
tice units have to be included to obtain sufficient con- 
vergence. The spectral EFG frequencies do not feature 
any significant H and T (< 100 K) dependence, sug- 
gesting that the electronic band structure of Sr3Ru2 07 
is not strongly modified by the first-order metamagnetic 
transition. In fact, de Haas- van Alphen'^" and Shubnikov- 
de Haas^'' measurements revealed that the changes in the 
oscillating frequencies are quite small, supporting a field- 
induced Stoner transition model of the itinerant mctam- 
agnetism of Sr3Ru207. 

In the metallic ruthenate, the Fermi level is located 
between the bonding and the antibonding molecular 
orbitals,^"* and hence, the atomic 2p orbitals acquire 



holes. In terms of the hole occupancy /i2p of the 2p or- 
bital, the induced EFG „i„ can be written as: 




(3) 



for the 2pz orbital, for instance. Taking (r '^)2p 
3.63 a.u., which is a 70% value of that for a free atom,— 



17,, J 



^holo 



/i2p(-1.33, -1.33, 2.66) MHz. Thus, the total 



EFG frequency at each site is 
(For the apical sites) 



17^c I - (l-7oo)"l^iat + (l-^)^2p„.. 



(or for the in-plane sites) 

V I -(l-7oo)"^^Lt + (l-^)/i2p. 



^(1 - R)h2p^ 



1.33 MHz \ 
-2.66 MHzj ' 
(4) 

-1.33 MHz\ 
-1.33 MHz 
2.66 MHz / 

-1.33 MHz\ 
2.66 MHz . 
-1.33 MHzy 

(5) 



(2) 



The antishielding factor 700 cannot be solved from the 
above equations because of the dipole-field requirement 



17,,i 



0. Table HIl shows the hole occupancy in each 



orbital estimated from various values for 700 and from 
band-structure calculations in literature. In this analysis, 
7oo < — 8 is necessary to make all densities positive. In 
the following we adopt the same value used in the case 
of the cuprates 700 = — 922ii^. This leads to a physically 
reasonable set of values for h2p- 

It should be noted that most of the holes reside at 
the in-plane sites (0(3) for Sr3Ru207 and 0(1) for 
Sr2Ru04), reflecting their quasi-two dimensionality. The 
large magnitude of the in-plane hole occupancy is in 
agreement with the strongly anisotropic conductivity 
{pc/pab ^ 300 for Sr3Ru207*5 and > 400 fo SraRuO^^) 
and with spin densities derived from the Knight shift 
measurements, which are discussed later. 

Another remark concerns the relationship between hole 
occupancy and bonding covalency. In general, a hole 
in an antibonding molecular orbital introduces covalent 
character in the original ionic bond. Since a covalent 
bonding is sensitive to the Ru-O-Ru angle, the cova- 
lency can be related to a structural instability of the 
RuOg octahedra. In Sr2Ru04, Oguchi argued that the 
high h2p^ in the 4:dzx,yz-2pc (one of p^r) antibonding or- 
bitals may account for an absence of a rotation of the 
RuOg octahedra.J^ Indeed, in Table |TT1 /i2p^ , which is 
hybridized with dzx,yz, has a larger value (= 0.301) than 
^2pa b (— 0.202) hybridizing with d^y at the in-plane sites. 
In addition, a smaller value of h2p^ {— 0.256) at the in- 
plane site is obtained for Sr3Ru207, where the RuOe 
octahedra are rotated by 7°i^ We consider that the ex- 
istence of the rotation in Sr3Ru207 is related to a weaker 
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TABLE I: Electric field gradients' (EFG) frequencies of the ruthenates determined from the observed electric quadrupole 
splittings, compared with those obtained from point-charge model calculations where the charges of the oxygen and the 
ruthenium are -2 and -1-4, respectively. The signs have been adjusted to obtain positive EFG frequencies along the principal 
axes. Order-of-magnitude differences between experimentally determined EFGs and calculated EFGs mostly arise from an 
antishielding effect (1 — 7oo). Lattice parameters used for the calculations are based on Refs. ITtI. [27l. and [Tg for Sr3Ru207, 
Sr2Ru04, and SrRuOg, respectively. 
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"H. Murakawa et al, single crystal with an accurate sample align- 
ment in Ref. l2d Values are the same in Ref. |2l| within errors. 
''K. Yoshimura et ah, powder sample in Ref. |29|. 



TABLE II: Hole occupancies in the oxygen 2p orbitals ob- 
tained from the EFG analysis. Although the derivation of a 
reliable value of the Sternheimer antishielding factor is 
technically difficult, we argue that 700 = — 9 yields physically 
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denotes the total hole 



reasonable results (see text), 
number per ruthenium atom. The given literature values of 
band-structure calculations have been estimated by integrat- 
ing the DOS above Ep. 
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covalency in the dzx,yz-'2pc bond than that in Sr2Ru04. 
For comparison with SrRuOs, which has an octahedra 
tilt, the hole occupancy per ruthenium atom h^'^^ can 
be used. SrRuOa has the smallest value of h^^^^ in Ta- 
ble |TT1 which means the weakest covalency per ruthenium 
atom. This might be related to the occurrence of the tilt 
in SrRuOs as well as the rotation in Sr3Ru207. 

We point out experimentally that the hole content 
of the antibonding orbitals may be substantially rele- 
vant to the distortion of the RuOg octahedra even in 
Sr„+iRu„03„+i which have the same tolerance factor. 



C. Knight shift 

Generally, the observed Knight shift ^^ifobs (or the 
uniform susceptibility Xbuik) for a given field direction 
i {— X, y, z) is the sum of the temperature independent or- 
bital part I'^if^,^ (xLik.orb)' the diamagnetic part "iiT^ig^ 
(Xbuik.dia), and the temperature dependent spin part ^'^Kl 
(Xbuik s)' ^^'^ expressed as follows: 



Xbuik — Xbuik, orb + Xbuik, dia + Xbuik, s in 



-xliT). 



(6) 
(7) 

(8) 



Here, A^a, Mb, and ^^A* denote Avogadro's number, the 
Bohr magneton, and the spin hyperfine coupling con- 
stant, respectively. Note that the spin part of M/Hrcs 
must be used instead of the differential susceptibility 
Xbuik, s hi eq. ([8]) unless M is proportional to H. 

Figure [6] shows a ^''ifobs vs M/Hycs plot of Sr3Ru207. 
^'^Ko\ys and M/Hj-^s are measured at ^ 4 T by chang- 
ing temperature in a range of 1.7-100 K passing through 
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FIG. 6; (color online). ^''K^hs vs M/Hres plots for Sr3Ru207. 
The fitted hyperfine coupling constant for each curve is listed 
in Table IIIII (a) Temperature varied data points between 
1.7 K and 100 K at low field ~ 4 T and (b) field varied points 
between 3 T and 13 T at 1.7 K. Below 7 T M is measured 
with a commercial SQUID magnetometer. For higher fields, 
M is interpolated (7 T - 8 T), derived from 2.8 K data given 
in Ref.d (8 T - 11 T), and extrapolated (> 11 T). 



the susceptibility maximum at 16 K (Fig. [BJa)) and at 
1.7 K by changing the magnetic field in a range of 3-13 T 
across the metamagnetic field (Fig. IHJb)). For the [100] 
direction, the temperature dependence for the 0(1) site 
could not be measured due to the crossing of the lines to 
other sites. Linear relations are obtained in both cases 
and the solid lines are linear fits. The slopes of the K 
vs M/H^cs plots for those two sets of data give the same 
hyperfine coupling constant ^^A*. The orbital component 
of the Knight shifts are negligibly small since the lines in- 
tersect the origin. The obtained spin hyperfine coupling 
constants ^^4* are listed in Table IIIII 

We extended the previous tight-binding approach'^'^ by 
including the magnetic dipolar fields from neighboring 
sites: 



17 



17 



iff — site 



17 



(9) 



The first term denotes the shift of the field produced by 
the moment of the adjacent sites, mostly of the nearest- 
neighbor ruthenium sites, and the second term is pro- 
duced by the transferred spin densities in the oxygen on- 
site orbitals. In our case, the latter plays a major role as 
a result of a large local spin density. 

The off-site part at the oxygen n site is written in terms 
of local susceptibilities at neighboring m sites Xm ■ 
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(10) 



Here, rmn is the distance between two sites m and n. 
The summations are taken over a distance of four lattice 
units to ensure convergence. Since Xbuik.s of Sr3Ru207 
and SrRuOs are strongly enhanced (> 1 x 10^^ emu/Ru- 
mol), the orbital part or diamagnetic part of x (typically 
10"'' emu/R u-moP^) for those compounds can be ne- 
glected. For Sr2Ru04, the estimated values of ^^Xorb + 
^^-f^dia are also given in Table IIIII For all three com- 
pounds, the off-site hyperfine coupling constants from the 
ruthenium sites to the oxygen sites Em=Ru ^(7^)! is 
small (< 5 kOe//iB). Therefore, the ^^O Knight shifts 
are dominated by the on-site spin parts, which we will 
discuss next. 

Assuming that only the ruthenium orbitals contribute 
to the orbital part of the bulk susceptibility, the on-site 
Knight shifts at the oxygen sites arise solely from the 
spin part. 
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on— site 



fc={2p„,i,,c,2s} 



XlsW, (11) 



where ^"^A^ is the hyperfine coupling constant and x\: s {T) 
is the transferred spin density, and the subscript k (= 
2p, 2s) specifies the orbital. Since the isotropic hyperfine 
coupling of the 2s orbital ^'^A2s is quite large due to its 
Fermi contact to the nucleus {^'^A2s ~ 3000 kOe/ fi^^), 
isotropic shifts still dominate even with a tiny spin 
density in the 2s orbitals. The hyperfine couplings 
of 2p orbitals have an anisotropic dipole character, 
2 ^''^2p(-l, -1, 2) for each 2p orbital, where ^'^A2p = 
l^iB {r-')2, ^ 91 kOe/^B^'^ 

Next, we assume that the ratios of transferred orbital 
spin densities Xfe,s/Xbuik,s (k = 2p, 2s) are independent of 
the field orientation even in the case of anisotropic spin 
susceptibilities. Non-bonding 2pa- orbitals can be ignored 
because states arising from those orbitals are much below 
Ep. Thus, the total on-site hyperfine coupling constant 
^''^s, on-site for cach field orientation is simplified to: 
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TABLE III: ^^O Hyperfine coupling constants ^^As. '^'^A^ of 
Sr3Ru207 are obtained from fittings of ^^Kahs vs M/Hrcs 
plots (Fig. [6} . Estimated non-spin parts of the Knight shifts 
^^^^orb + ^^J^dia for Sr2Ru04 are also shown. For the other 
compounds, the non-spin parts are negligibly small. 





1 7 A 


-fVorb + Adia 




(kOe/^ia) 


(%) 




Sr3Ru207 




0(1)"' 


13.2 ± 0.2 




o(i)- 


6.0 ± 0.2 




U(2) ' 


4.7 ± 0.3 






— 0.9/ ± O.UO 




0(3)" 


— 2.1 ± 0.3 




0(3)^ 


29.9 ± 0.3 




0(3)- 


22.3 ±0.4 






Sr2Ru04 




0(1)11 


-7.9 ± 1" 


0.013 


0(1)^ 


33.1 ± 1" 


-0.006 


0(1)- 


23.7 ± 1" 


-0.005 




6.4 ± 1" 


-0.003 


0(2)- 


1.9 ± 1" 


0.004 




Paramagnetic SrRuOs 




o" 


6.3 ± 2' 




0^ 


21 ±2' 





"H. Murakawa et al, single crystal with an accurate sample align- 
ment in Ref . l28l . Knight shifts are taken below 4 K and are the 
same in Ref. \33^ within errors. 

''Anisotropic Knight shifts are estimated from the powder patterns 
above Tq by pattern simulations. The spectra used in the study of 
Ref. [2^ were provided by Yoshimura et al. 



(For the apical sites) 



s, on— site 

C 

s. on— site 



1 1 

-2 1 



2 ^'^-A2pX2p^,„,s/ Xbulk, 
^''-^2sX2s,s/Abulk,s 



(or for the in-plane sites) 

1-' 

s, on— Site 



(12) 



s, on— site 



s, on— Site/ 



-1 -1 l\ /2l^y42pX2p,,„,s/Xbulk,s 

2 -11 2l7A2pX2p.,s/Xbulk,s 
-1 2 1/ \ ^^-A2sX2s,s/Xbulk,s- 



(13) 



Since the spin density at strontium sites can be ig- 
nored, the bulk spin susceptibility Xbuik,s is the sum of 
the spin densities in the oxygen and the ruthenium or- 
bitals, 



Xbulk, S X; 



Ru 



total 
A2p,s 



total 
A2s.s ■ 



(14) 



For Sr3Ru207, the total spin densities over all oxygen 
sites per ruthenium atom X2pf ^^^'^ X2°'s' ^'^S- 



total _ 0(1) ^ 0{2) 



2 0(3) 



2 0(3) 



total ^ £0(1) 0(2) 
A2s,s 2-^2s,s ' A2s,s 



2X^^ 



(15) 
(16) 



TABLE IV; Orbital spin densities obtained from Knight-shift 
measurements and the density of states at the Fermi level 
D{Ef) at the oxygen site extracted from the results of band- 
structure calculations. Spin densities and D{Ef) are nor- 
malized by the bulk spin susceptibility per ruthenium atom 

Xbulk, s • 



X(per orb.)/xbuik,s 


X(per Ru)/xbuik,s 




% 


% 


% 



Sr3Ru207 



0(1) 

0(1) 
X2s,B 

0(2) 

0(2) 
X2s,B 

0{3) 
X2p^,,,s 

0{3) 
X2pc ,s 

0(3) 
X2p,s 

0(3) 
X2s,B 

total 
X2p,s 

total 
X2s,a 



1.71 ±0.06 


1.71 ±0.06 


3" 


0.360 ± 0.005 


0.180 ±0.003 




1.50 ±0.06 


3.00 ±0.11 


2" 


0.093 ± 0.007 


0.093 ± 0.007 




6.38 ±0.08 


12.8 ±0.16 




5.03 ±0.09 


10.1 ±0.18 






22.9 ± 0.3 


20" 21'' 


0.557 ±0.007 


1.113 ±0.013 






27.5 ± 0.3 


25" 25'' 




1.39 ±0.015 





0(1) 
X2p^,,,B 

A2pc ,s 

0(1) 
X2p,s 

0(1) 
X2s,B 

0(2) 

0{2) 
X2s,s 

total 
X2p,a 

total 
X2s,a 



8.4 ±0.24 
6.8 ±0.23 

0.54 ±0.02 
1.2 ±0.24 
0.16 ±0.024 



Sr2Ru04 

16.7 ±0.5 
13.6 ±0.5 
30.3 ±0.8 
1.11 ±0.04 
5.0 ±0.9 
0.33 ± 0.05 
35.3 ± 1.2 
1.41 ±0.06 



15- 26"^ 21- 
3- 4^* 4- 



18- 29"^ 25- 



X2p,s 
X2s,s 



Paramagnetic SrRuOs 
3.6 ±0.5 22 ±3 

0.54 ±0.05 1.6 ±0.15 



21^ 30" 



"Reference l3a 

'TLAPW within LSDA. Taken from figures in Ref. [3I 
-LAPW within LDA. Taken from Fig. 3 in Ref [H. 
''LAPW within LDA. Taken from Fig. 2 in Ref IM 
-FLAPW within LSDA. Taken from figs in Ref.lll 
/LMTO within LSDA in Ref 3|. 
^Approximate value in Ref. i39i . 



Thus, the observed anisotropic Knight shifts can be de- 
composed into the local spin density in each orbital from 
eqs. dUl-dini). 

Table IIVI displays the local spin densities in the oxy- 
gen orbitals obtained from Knight shifts and the DOS 
at i?F, D{Ep) from band-structure calculations in lit- 
erature. The spin density is generally enhanced over 
the value of D{Ep) which comes out of band-structure 
calculations due to Stoner enhancement and untreated 
electron-electron correlations. The bulk susceptibility of 
Sr3Ru207 is the product of the value inferred from the 
electronic specific heat and the large Wilson ratio 10 
(Ref. [^. If such a Stoner enhancement varies between 
bands and/or site-by-site, the enhancement factors ap- 
plied to local spin densities would differ from orbital to 
orbital. In Table [TVl the normalized values of spin den- 
sities and of D{Ef) are essentially comparable for each 
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oxygen site. The Stoner enhancement of these ruthenates 
appears to be independent of the orbitals. 

According to this analysis, the total spin density at the 
oxygen sites amounts to 20-40% of the bulk susceptibil- 
ity. This is quite large for a metallic oxide. Indeed, a 
polarized neutron scattering study on the exchange en- 
hanced paramagnet Cai.5Sro.5Ru04 by A. Gukasov and 
co-workers (Ref. 40.) revealed that the in-plane site 0(1) 
and the apical site 0(2) have 30% and 4% of the total 
moment, respectively, and the totaling one third of mo- 
ments resides at the oxygen sites. In the case of Sr2Ru04 
the values are similar to our results shown in Table HVl 

It is found that higher dimensional members have a 
much smaller fraction of spin densities at the oxygen sites 
X2p*,sVxbuik,s, while the variation of the hole occupancies 
/i2°*'*' in Table lU is small. Therefore, we can deduce that 
SrRuOa has a largely enhanced D{E-p) especially at the 
ruthenium site because of the on-site Coulomb interac- 
tions at the ruthenium site. In a Stoner mechanism, the 
partially localized character of the 4(i electrons and re- 
sulting narrow bands and high D{E-p) are favorable for 
itinerant ferromagnetism and metamagnetism, as is sys- 
tematically observed in 3d and Ad pure metals. The fer- 
romagnetism of SrRuOa could be related to the smallness 
of the transferred spin density at the oxygen site. 

In addition to the ferromagnetic fluctuations in 
Sr3Ru207, incommensurate antiferromagnetic fluctu- 
ations were found^i^ which are similar to those 
in Sr2Ru04.'* These incommensurate antiferromagnetic 
fluctuations arise from the Fermi-surface nesting of one- 
dimensional Fermi-surface sheets, when the small spin 
density at the apical oxygen site weakens the transfer 
between Ru02 layers, resulting in the low-dimensional 
character. We thus clarified the important roles of hole 
occupation and spin density in different oxygen orbitals 
and their relevance for the ferromagnetic and antiferro- 
magnetic character of the ruthenates Sr„+iRu„03„+i. 

IV. CONCLUSION 

In conclusion, we have investigated microscopic hole 
occupancies and transferred spin densities at the oxy- 
gen sites by analyzing the ^^0-NMR electric field gra- 
dients and anisotropic Knight shifts of Sr„_|_iRu„03„+i 



(n = l,2,oo). The hole occupancies at the oxygen 
sites are quite large, which is unexpected for a non- 
doped oxide. This gives evidence that the covalent char- 
acter of the Ru-0 bonding plays an important role in 
these compounds. The tilting (SrRuOs) and the rota- 
tion (Sr3Ru207) of the RuOg octahedra may account 
for a weaker covalency, which originates from insufficient 
holes in the antibonding orbitals which is not the case 
in the undistorted Sr2Ru04. 

The total spin densities at the oxygen sites derived 
from anisotropic ^^0-Knight shifts are also high (20-40% 
of the bulk spin susceptibility), which is, however, in good 
agreement with band-structure calculations and results 
obtained from polarized neutron experiments reported in 
literature. Although the total oxygen hole occupancies 
per ruthenium atom do not significantly change among 
the series Sr„+iRu„03„+i, the spin densities at the oxy- 
gen sites decrease with increasing n. This suggests that 
higher dimensional members of the series have narrower 
bands and, as a result, metamagnetism and itinerant fer- 
romagnetism are induced in Sr3Ru207 and SrRuOa, re- 
spectively. It is shown that the enhancement of the spin 
density at the oxygen site is comparable with that at 
the ruthenium site. The spin density at the apical oxy- 
gen site (0(2) in Sr2Ru04, 0(1) and 0(2) in Sr3Ru207) 
is much smaller than that at the in-plane oxygen site, 
which is responsible for the strong two-dimensional char- 
acter in those compounds. The low dimensionality might 
lead to the occurrence of one-dimensional Fermi-surface 
nesting. This would explain the incommensurate antifer- 
romagnetic fluctuations, which emerge in Sr2Ru04 and 
in Sr3Ru2 07. Structural distortions and magnetism in 
Sr„+iRu„03„+i are strongly related with the covalent 
character of the Ru 4d-0 2p molecular orbitals and the 
spin densities at the oxygen sites. 
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